Abstract. Allergic rhinitis (AR) is the most common cause of inflammation of the nasal mucosa. It is also the most common form of non-infectious rhinitis associated with an immunoglobulin E (IgE)-mediated immune response against allergens. Previous studies have indicated that interleukin-1β (IL-1β) has a pathological role in the development of allergic asthma. The present study was designed to assess whether IL-1β participates in the pathogenesis of AR. A total of 45 patients with AR were enrolled in the present study and were identified to have increased IL-1β expression expressed by peripheral blood mononuclear cells (PBMCs), and the mitochondrial reactive oxygen species (ROS) and NLRP3 are required for IL-1β synthesis in monocytes/macrophages and PBMCs from patients with AR. The levels of IL-1β and interleukin-17 (IL-17) were increased in patients with AR and were positively correlated with each other. The results of the present study suggested that patients with AR have raised mitochondrial ROS levels, which may upregulate the expression of IL-1β, affecting IL-17-production and serving a role in the pathogenesis of AR.
Introduction
Allergic rhinitis (AR) is defined as an inflammation of the lining of the nose and affects up to 40% of the population. It is characterized by nasal symptoms, including congestion, sneezing, itching and rhinorrhea. AR is the most common cause of inflammation of the nasal mucosa (1, 2) . Immunoglobulin E (IgE) is a classical antibody that mediates allergic reactions by sensitizing mast cells and basophils to allergen activation through binding tightly to a specific receptor (High-affinity receptor I, FcεRI) (3) on these cells (4) . As the most common form of non-infectious rhinitis, it is also associated with an IgE-mediated immune response against allergens (5) .
Nucleotide binding and oligomerization domain-like receptor family pyrin domain-containing 3 (NLRP3) inflammasome activation is an integral part of the innate immune response in inflammatory disease (6) . The NLRP3 inflammasome is present in variety of cells, including macrophages, neutrophils, T cells and B cells (7) . The NLRP3 inflammasome is a protein scaffolding complex consisting of NLRP3, caspase-1 and the adaptor molecule apoptosis-associated speck-like protein containing a C-terminal caspase recruitment domain that induces secretion of interleukin-1β (IL-1β) and IL-18 (8, 9) . Numerous mechanisms underlying the activation of the NLRP3 have been identified, including ion channel gating and excessive reactive oxygen species (ROS) generation (10) . The idea that the activation of the NLRP3 inflammasome was caused by an increase in ROS production was accepted and it was hypothesized that the NLRP3 inflammasome may be a general sensor for changes in cellular oxidative stress (11, 12) .
AR involves systemic inflammation in addition to nasal inflammation (13) . Levels of acute phase reactants, including high sensitivity C-reactive protein (14) (15) (16) , fibrinogen, alpha 1-glycoprotein, alpha 1-antichymotrypsin (16), are not statistically different between patients with AR and healthy controls (5, (7) (8) (9) . However, serum amyloid A (15) and ceruloplasmin oxidase activity (17) were higher in AR.
IL-1β is a member of the IL-1 family of ligands. Although IL-1-targeted drugs are effective against autoinflammatory disease, they are less effective against autoimmune diseases. Both AR and asthma are allergen-mediated disorders, so AR shares several pathogenic similarities with asthma (18) . Previous studies have reported on the pathological roles of IL-1β and the NLRP3 inflammasome in the development of allergic asthma, though the results were conflicting (19) (20) (21) (22) (23) . Nevertheless, the involvement of IL-1β in AR has not been clearly examined. The present study was designed to examine the differences in serum IL-1β and PBMCs between patients with AR and the healthy controls, in order to assess whether IL-1β participates in the pathological process of AR. 
Mitochondrial ROS activate interleukin-1β expression in allergic rhinitis

Reverse transcription-quantitative polymerase chain reaction (RT-qPCR) analysis. RNA was extracted from PBMCs using TRIzol
® reagent (cat no. 15596018; Invitrogen; Thermo Fisher Scientific, Inc., Waltham, MA, USA), as described in our previous study (24) , RNA was analyzed by RT-qPCR using Power SYBR Green PCR Master Mix on a Real-Time PCR system (cat no. RR820A; Takara Bio, Inc., Otsu, Japan). The reaction mixture (20 µl) contained 0.5 µl sense primer (10 µmol/l), 0.5 µl antisense primer (10 µmol/l), 10 µl SYBR-Green, 8 µl H 2 O and 1 µl cDNA. The thermocycling conditions were as follows: 95˚C for 5 sec and 60˚C for 30 sec for 40 circulations. Analysis of the relative gene expression data using RT-qPCR and the 2 -ΔΔCq method (25) . Relative expression levels were normalized to those of GAPDH. The primer sequences are listed in Table II . Expression was calculated as relative to GAPDH. All primers were purchased from Sangon Biotech Co., Ltd., (Shanghai, China).
Mitochondrial ROS levels detected in PBMCs. PBMCs isolated from AR (n=11) and healthy controls (n=11) were primed with LPS (100 ng/ml) for 5 h, and then stimulated with ATP (1 mmol/l; cat no. A6419; Sigma-Aldrich, Merck KGaA) for 1 h in the absence or presence of Mito-TEMPO (200 µmol/l; cat no. SML0737; Sigma-Aldrich; Merck KGaA) at 37˚C. Following this, the cells were stained with 5 µmol/l MitoSOX (cat no. M36008, Invitrogen; Thermo Fisher Scientific, Inc.) for 10 min at 37˚C, protected from light, gated for the CD14 + population, and analyzed by flow cytometry.
Cytokine analysis. The plasma samples and cell culture supernatants were analyzed using ELISA kits (IL-1β, cat no. 437004; IL-17A cat no. 433914; BioLegend, Inc.). The sera were brought to room temperature, according to the manufacturer's protocol, for the simultaneous detection of IL-1β and IL-17 in a single sample.
Statistical analysis.
The results are expressed as the means ± standard error, except the age of participants, which were expressed as the means ± standard deviation. Differences between groups were evaluated by one-way analysis of variance. Spearman's correlation analysis was used to assess associations between variables. P<0.05 was considered to indicate a statistically significant difference. All statistical analyses were performed using IBM SPSS version 20.0 software (IBM Corp., Armonk, NY, USA).
Results
The expression of NLRP3 and proinflammatory cytokines increased in the PBMCs of patients with AR. The mRNA expression of IL-1β and NLRP3 in PBMCs from the 45 patients with AR and 23 healthy controls was detected prior to and following stimulation with LPS (a TLR4 ligand). Basal levels of IL-1β and NLRP3 mRNA expression in PBMCs were significantly upregulated in patients with AR (Fig. 1A) . Following LPS stimulation, IL-1β and NLRP3 mRNA expression levels were significantly increased in PBMCs from patients with AR, compared with in cells from the healthy controls (Fig. 1A) . Basal and LPS-induced production of IL-1β was significantly elevated in PBMCs (Fig. 1B) from patients with AR. These data suggest that patients with AR exhibit upregulated inflammatory cytokine production and NLRP3 expression in their PBMCs, compared with in those from healthy controls.
Upregulated IL-1β activation in monocytes/macrophages and PBMCs in patients with AR. Human monocytes exhibit constitutive inflammasome activation (26) , thus the activation of IL-1β in monocytes/macrophages was assessed. As shown in Fig. 2A and B, patients with AR exhibited a significantly elevated level of IL-1β in LPS-primed monocytes/macrophages compared with the non-AR healthy controls. Production of IL-1β was significantly upregulated in PBMCs from patients with AR, as determined using ELISAs (Fig. 1B) . The results indicate that IL-1β activation is upregulated in the monocytes/macrophages and PBMCs of patients with AR.
Mitochondrial ROS and NLRP3 are required for IL-1β synthesis in monocytes/macrophages and PBMCs in patients with AR.
Studies have demonstrated that ROS derived from mitochondria have been involved in NLRP3 inflammasome activation (27, 28) , which could be indirectly implicated in IL-1β production. Therefore, the present study investigated whether inflammasome stimuli enhance mitochondrial ROS generation in CD14 + cell fractions of PBMCs, and whether this was greater in patients with AR, compared with in healthy controls. As presented in Fig. 3A , LPS-primed PBMCs were pretreated with ATP alone or ATP plus Mito-TEMPO, which inhibits mitochondrial ROS production, and the results revealed that the generation of mitochondrial ROS in LPS-primed PBMCs stimulated with ATP was higher in cells from patients with AR than in cells from healthy controls and ATP-induced IL-1β secretion in LPS-primed PBMCs were inhibited in Mito-TEMPO groups. Subsequently, it was investigated whether mitochondrial ROS are required for IL-1β secretion in PBMCs. As shown in Fig. 3B , the mitochondria-targeting antioxidant Mito-TEMPO was used, which could inhibit mitochondrial ROS production to pre-treat PBMCs. Mito-TEMPO was shown to significantly inhibit ATP-induced IL-1β secretion in LPS-primed PBMCs in the examined groups (n=11). These results suggest that the monocyte/macrophage fractions of PBMCs from patients with AR exhibit raised mitochondrial ROS levels.
Levels of IL-1β and IL-17 are increased in patients with AR and are positively correlated with each other.
Previous studies in patients with AR indicated that IL-17 is also likely to be involved in the pathogenesis of AR (29) (30) (31) (32) (33) . Potential differences in the basal level of IL-1β in patients with AR and healthy controls, whilst simultaneously detecting the serum IL-17 levels in patients with AR were investigated. As shown in Fig. 4 , patients with AR had increased serum levels of IL-1β and IL-17 ( Fig. 4A) when compared with the healthy controls. Serum IL-1β and IL-17 were also identified to be positively correlated with one other (Fig. 4B) . These data suggest that IL-1β may be involved in the development of AR by inducing the production of IL-17.
Discussion
AR affects up to 40% of the global population, and its incidence is increasing (34) (35) (36) . The symptoms of AR are inconvenient for the sufferer, and AR is a strong risk factor for other chronic respiratory diseases, including chronic rhinosinusitis and asthma. Characteristics of AR include an inflammatory reaction sustained by T-helper 2 cell (Th2) polarization (37). The Th bias is evidenced by the PBMCs of patients with AR. Th2 cells preferentially produce the cytokine IL-4 that promotes IgE production and inhibits Th1 (38, 39) . The dichotomy in function between Th1 and Th2 cells has been modified by the discovery of another T-lymphocyte subset, namely Th17 cells (40) . IL-17 is one of the cytokines produced by Th17 cells.
IL-17 could recruit macrophages and had also been identified as a survival factor for airway macrophages (41) . Serum levels of IL-17 are elevated in a number of disorders, including rheumatoid arthritis (42) , acute hepatic injury (43) and AR (31) . Conversely, specific studies regarding serum IL-17 levels in patients with AR have presented conflicting results, which may be explained by varying clinical characteristics of patients and the type of sensitization used between studies (32, 44, 45) .
In the present study, patients with AR were identified as having higher serum IL-17 levels compared with the healthy controls. In obesity-associated asthma, IL-17A was hypothesized to cause airway hyper-reactivity (46) . Furthermore, IL-17 serves a critical role in, and is associated with, the clinical severity of AR (31, 32) . IL-17 producing T cells are associated with polysensitization in patients with AR, though not with bronchial hyper-responsiveness (47) .
The results of the present study revealed that NLRP3 and IL-1β expression in PBMCs from patients with AR were elevated compared with the healthy controls. There was also an upregulated maturation of IL-1β activation in monocytes/macrophages and PMBCs in patients with AR. A previous study demonstrated that nitric oxide could sustain IL-1β expression in human dendritic cells by enhancing their capacity to induce IL-17-production (48). T-regulatory cells highly expressed IL-1R1, and IL-1β could induce prominent activation of p38 and c-Jun N-terminal kinases, which are involved in IL-17 production (49). IL-1β directly causes airway hyper-reactivity by inducing IL-17A production in obesity-associated asthma (46) . This was corroborated by the results of the present study, which identified a positive correlation between serum IL-1β and IL-17 levels in patients with AR. Therefore, it is hypothesized that the high levels of serum IL-1β may have a role in the pathogenesis of AR through inducing IL-17-production.
There is evidence to suggest that an excess of ROS serve an important role in the pathogenesis of airway inflammation (50) (51) (52) (53) . Furthermore, previous studies have suggested that abnormalities in mitochondria are associated with the development of asthma (54, 55) and that mitochondrial ROS serve critical roles in the pathogenesis of allergic airway inflammation through modulation of NLRP3 inflammasome activation (56) . However, the association between mitochondrial ROS generation and AR is not well understood. In the present study, monocyte/macrophage fractions of PBMCs from patients with AR demonstrated increased production of mitochondrial ROS prior to and following treatment with NLRP3 inflammasome stimuli, suggesting that the elevated production of mitochondrial ROS affects NLRP3 inflammasome activation in patients with AR. Following inhibition of mitochondrial ROS by Mito-TEMPO, significantly decreased IL-1β secretion from LPS-primed PBMCs from patients with AR was observed, suggesting that mitochondrial ROS are responsible for NLRP3 inflammasome activation in AR. Mitochondrial ROS production increases regularly due to defective mitochondrial homeostasis in macrophages, which render mitochondria more susceptible to damage by inflammasome stimuli (28) . Furthermore, mitochondrial membrane permeability transition and mitochondrial ROS generation are required for the activation of caspase-1 and IL-β secretion (28) . Therefore, mitochondria ROS serve an important role in the upregulation of inflammatory responses via acting as signal-transduction molecules (57) .
Although the data of the present study suggest that activation of the NLRP3 inflammasome is associated with AR pathogenesis, it has its limitations. At present, the roles of inflammatory cytokines in AR primarily focus on nasal local inflammation in patients with AR, which is highly significant compared with systemic inflammation. The level of systemic inflammation and local inflammation is not consistent between a number of diseases. Therefore, further experiments are required to verify the exact role of IL-1β in AR. However, despite these limitations, the findings of the present study may provide novel avenues for anti-AR therapies, as well as for a variety of inflammatory diseases.
